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Interparental recombination between injected T4 DNA molecules is indetecta-
ble for incomplete petite phages (carrying a terminally deficient genome and
therefore unable to circularize) as well as for genetically complete phages. The
nonviable petite phages can individually replicate their DNA repeatedly, and
they also undergo multiplicity reconstitution, producing complete phages, pro-
vided that a host bacterium is infected by several petite particles that carry
genetically complementary segments of DNA. The formation ofcomplete phages
in multiplicity reconstitution must be due to recombination among incomplete
progeny fragments, i.e., partial replicas of the T4 genomes. It evidently does not
result from interparental recombination. To test for interparental recombina-
tion, light bacteria (containing no bromouracil) were simultaneously infected in
light medium with light radioactive phage in minority (usually less than one per
cell) and heavy (bromouracil-labeled) phage in majority (usually about nine per
cell). Any interparental recombination should, under these circumstances of
infection, lead to movement of the radioactive label of the minority light phage
DNA to a position of higher density. That possibility was not observed.

It has not yet been conclusively established
whether the DNA molecules of parental T-even
bacteriophages that are injected into a host bac-
terium undergo recombination with one an-
other under normal conditions of infection. The
answer to this question is basic for the under-
standing of such phenomena as multiplicity
reactivation (MRA) of UV-inactivated phages
(2, 23) and, in general, the mechanisms of res-
cue of genetic material from lethally damaged
or deficient genomes. Some data have been
compiled on the genetic composition of single
bursts issuing from bacteria that were infected
with only one particle from each of two irradi-
ated or deficient parental phages carrying dis-
tinguishing genetic markers (11, 25; C. Rayssi-
guier, Ph.D. thesis, Universite de Paris-Sud,
Orsay, France, 1974). Those results, although
they clearly implicate genetic recombination in
the reconstitution (a more appropriate word
than "reactivation" in the context of present
experiments) of complete undamaged progeny,
do not decide whether recombination occurs be-
fore or after the parental DNA has been repli-
cated.

In 1963 a molecular experiment was designed
to prove or disprove interparental recombina-
tion in T4 (19). Light (LL, no bromouracil
[BU] substitution) bacteria, in a light medium,
were infected with a minority of LL radioactive

bacteriophage and a majority of heavy (HH, BU
substituted) cold virus. At intervals, samples
were analyzed in density gradients for distribu-
tion of the radioactive label. Since no displace-
ment from its original LL location was ob-
served, it was concluded that no recombination
occurs among the input parental molecules in
T4-infected bacteria (19). A year later the ex-
periment was repeated in two laboratories,
modified, however, by first inhibiting DNA rep-
lication through the addition of fluorodeoxyuri-
dine (1, 16) and then in a different group of
experiments by using DO amber mutants (15,
29). These later experiments indicated that in-
terparental recombination does occur. The
analyses were, however, made at very late
times after infection (45 to 60 min) and under
conditions in which parental molecules seem to
deteriorate, i. e., during a long sojourn in cells
where DNA replication is restricted. The re-
sults of Emanuel (Ph.D. thesis, Univ. of Penn-
sylvania, Philadelphia, 1972) indicate profound
deterioration with many nicks and double-
strand breaks found under those conditions.
This leads us to suspect that such interparental
recombination may play no significant part in
recombination under normal conditions in
which parent-progeny and interprogeny recom-
bination probably play the primary role.
MRA for lethally damaged phages and multi-
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plicity reconsitution (MRC) for phages such as
petites with terminal genetic deficiencies (26)
both clearly require recombination to recon-
struct viable complete genomes. Two models
have been suggested for their participation in
those processes. The first model (6, 24) invokes
breakage and rejoining (recombination) of the
parental molecules, leading to the formation of
a reconstituted viable parental molecule free
from deficiencies or UV damages. That com-
plete and undamaged molecule would from
then forward carry out all the functions of the
normal genome. The second model (2) would
first require replicating the undamaged seg-
ments between UV lesions, or the incomplete
genomes from the petites, leading to the
formation of a pool of partial replicas. Those
would subsequently recombine with the forma-
tion of integral or perhaps concatenated mole-
cules, possible precursors of mature DNA.
Recently we have demonstrated that petite

bacteriophages do replicate the entire length of
their fractional genomes and that they do so
repeatedly, even when used to singly infect host
bacteria (14). This clearly shows that partial
genomes (admittedly containing 85% of the to-
tal T4 genome) can and do replicate successfully
and repeatedly without invoking circulariza-
tion of the template. In addition, C. Rayssi-
guier (personal communication) has demon-
strated that UV-inactivated phages, after in-
fecting bacteria at a low multiplicity of infec-
tion (MOI), also replicate parts of their ge-
nomes repeatedly. Both of these discoveries
suggest reconsideration of the idea that partial
replicas may play a significant part in the re-
combination-dependent processes MRA, MRC,
and marker rescue from UV-damaged genomes
(cross-reactivation). An important role for par-
tial replicas in such processes has long been
advocated by Barricelli and Doermann on the
basis of genetic evidence (2-4). Furthermore,
Womack (30) has shown that efficiency of
marker rescue from UV-inactivated T4 ge-
nomes varies according to location on the ge-
netic map. Four clearly discernible peaks of
rescue efficiency were noted, a number that
corresponds quite well with the number of initi-
ation sites for DNA replication observed by
electron microscopy (7) and also determined by
a physicochemical approach (12). The peaks
could result from multiple replicas of the DNA
restricted presumably to the undamaged ge-
netic regions immediately to the right and the
left of the principal initiation sites. The availa-
bility of numerous partial replicas from those
particular segments of the genome would prob-
ably enhance the chance of rescue of genetic
markers located in those regions (8; D. A.

Campbell, Ph.D. thesis, Univ. of Washington,
Seattle, 1969).
Because multiple infection with incomplete

genomes of petite phages leads to the formation
of productive infectious centers, these mutants
provide an ideal means of testing whether in-
terparental recombination is an essential step
in MRC. This paper will demonstrate that in-
terparental recombination is not detected at
any time after multiple infection with petite
phages. This leads to the conclusion that the
process of MRC of petite phage genomes is ac-
complished by recombination between partial
replicas (incomplete progeny molecules). MRA
of UV-inactivated phages may perhaps be ac-
complished in a similar manner.

MATERIALS AND METHODS

Bacterial and phage strains. Escherichia coli
strain B23 and T4D bacteriophage mutantptgl91 (9)
were used in all experiments. This phage mutant
produces normal-size phages (plaque formers) as
well as petite particles of the intermediate type (9).
The latter contain about 86% of the full T4 genetic
complement (14), the deficient segment being termi-
nal and circularly permuted over a population of
petite particles (26). In addition, lysates contain
giant phages that contain multiple genomes in con-
catenated form.
Growth medium. The growth medium was TCG

(22). BU substitution was achieved by supplement-
ing TCG with 200 ,.g of bromodeoxyuridine, 5 ,g of
flourodeoxyuridine, and 20 ,tg of uracil per ml of
medium. This will be referred to as"heavy" medium
and the phage produced in it as"heavy" (HH) phage.

Purification of petite and complete phages. Puri-
fication of petite and complete phages was per-
formed as follows. Phages produced in a TCG lysate
of B23 cells infected with T4Dptgl9l were purified
by two alternating cycles of low- and high-speed (15
min at 16,000 rpm in a Beckman model 40 rotor)
centrifugation. The resulting purified phage were
resuspended in Tris-salt buffer (0.01 M Tris-0.15 M
NaCl, pH 7.4) and layered on the surface of a 15 to
40% linear sucrose gradient (sucrose solutions pre-
pared in 0.1 M NaCl-0.032 M KH2PO4-0.001 M
MgCl2, pH 5.2). Centrifugation was carried out at
19,500 rpm for 70 min at 20 C in a Beckman swing-
ing-bucket titanium rotor (SW41-Ti). At the conclu-
sion of the run, giant phage present in the ptgl91
lysate were located at or near the bottom of the
gradient, while complete and petite bacteriophages
formed two distinct, well-separated visible bands
that could be separately siphoned off using a peri-
staltic pump. The petite sample used in the experi-
ments contained less than one complete phage per
2,000 petite particles. The sample of complete
phages presumably contained very few petite parti-
cles, but no precise method is avalable for detecting
a small number of petite particles in a suspension
containing predominantly complete phages. After
separation, the moieties were dialyzed against Tris-
salt medium to remove sucrose and thereafter used
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for the experiments described below. They are re-
ferred to as petites and completes, respectively.
DNA extraction from infected cells. Infected-cell

suspensions were taken at any time during the ex-
periment and diluted 10-fold in ice-cold LTL-EDTA
(0.05 M NaCl-0.05 M Tris-0.015 M EDTA, pH 7.4).
Cells were sedimented, resuspenided in LTL-EDTA
to a concentration of 6 x 108 cells/ml, and extracted
by, the sodium dodecyl sulfate-Pronase-phenol
method. Eficiency of recovery upon extraction is
100% (20).
CsCl equilibrium density fractionation. CsCl

equilibrium density fractionation was performed by
combining 2.6 ml of saturated CsCl with 0.7 ml of
sample in a polyallomer tube that was centrifuged
in an SW50.1 Beckman rotor at 29,600 rpm for 72 h.
Fractions were collected from the bottom of the tube
onto fiber-glass filters in scintillation vials and
dried at 80 C. Recovery of input DNA from CsCl
gradients averages 100%. Isotopes were measured in
a Packard scintillation counter, using 2 ml of tolu-
ene-based scintillator fluid per vial.

RESULTS
A. Phage DNA synthesis and kinetics of

DNA replication in cells infected with petite
bacteriophage at a high MOI. This group of
experiments was carried out to make two com-
parisons between cells multiply infected with
petites and those similarly infected with com-
pletes. First, the kinetics of net synthesis of
DNA and, second, the timing of replication of
parental molecules were compared.

(1) Net DNA synthesis in bacteria infected
at a high MOI of petite compared with com-
plete bacteriophages. E. coli B23 was grown in
TCG medium to a density of 3 x 101 cells/ml
(confirmed by colony counts). At that moment
the bacterial suspension was divided, and one
aliquot was infected with an MOI of 9 petite
and the other with an equal MOI of complete
bacteriophages. Biological controls showed that
100% of the bacteria in both aliquots yielded
productive infectious centers. At 3 min after
infection, 32P was added to both suspensions
(specific activity of 0.5 mCi/mg of P), and at
intervals thereafter samples were withdrawn
and precipitated with cold 0.3 M trichloroacetic
acid, using albumin as a carrier. The process of
reprecipitation and washing with acid was re-
peated several times and then followed by
digestion with 1.0 M KOH at 37 C for 18 h.
After neutralization and two successive precipi-
tations, the final pellet was dissolved in
NH4OH and applied to a fiber-glass disk. Ra-
dioactivity was measured in a liquid scintilla-
tion counter. The data were normalized to
phage-equivalent units ofDNA synthesized per
infective center and are shown in Fig. 1. Even
from the very earliest stages after infection, it
is clear that 32P incorporation into DNA pro-

ceeds virtually identically for cells multiply in-
fected with either petite or with complete bacte-
riophages. No lag of any sort is detectable for
cells infected with petites, suggesting that, if
any preparatory steps (like recombination) are
required prior to replication in those bacteria,
such steps must occur efficiently prior to 5 min
after infection.

(2) Timing of DNA replication after multi-
ple infection with petite genomes. Extensive
data have already been published on the repli-
cation kinetics of parental DNA from complete
bacteriophages (18). The replication of normal
T4 DNA starts about 5 min after infection at
37 C. With isotope-labeled light (LL) parental
DNA in cells and medium containing the den-
sity label bromodeoxyuridine, the first indica-
tion of replication observed in a density gra-
dient is the appearance of a small shoulder
adjacent to the nonreplicated moiety. This
shoulder consists of partially replicated mole-
cules that have not undergone a complete first
round of replication. Indeed, in the electron
microscope they display numerous replicative
loops (7, 12). At 6 to 8 min the parental label
assumes an intermediate density, the mole-
cules consisting mostly of one light parental
strand and one new heavy strand (HL). At
about 10 min after infection, parental DNA
becomes fragmented and, due to recombination
with heavy progeny molecules, the parental
label assumes a density close to pure progeny
material (18). The addition of chloramphenicol
(CM) at about 5 min allows semiconservative
replication of parental molecules but prevents
recombination with progeny. Thus, when run
in a CsCl density gradient, the replicative pa-
rental molecules remain at an intermediate HL
location. Addition of CM later than 7 min al-

60-

_ PETITES X

0-0 COMPLETES /

(.) //
' 40 /

z /
_* ~~~~~~~~~~~//

UJ 20

TIME (min)

FIG. 1. Net synthesis ofDNA in bacteria infected
with petite or with complete bacteriophages at high
multiplicity. P.E.U., Phage-equivalent units of
DNA.
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lows abundant recombination with progeny
molecules, causing parental label to assume a
density close to the pure HH location (18).
The experiment now to be described was de-

signed to find out whether any differences in
the DNA replication pattern or sequence of
events are observed when bacteria are multiply
infected with incomplete genomes. Bacteria,
pregrown for one generation in bromodeoxyuri-
dine medium, were infected with an MOI of 9,
using light 32P-labeled petite bacteriophages.
At intervals, samples of the suspension were
chilled in LTL-EDTA preparatory to DNA ex-
traction. In addition, at 5, 7, and 10 min after
infection, aliquots of the infected suspension
were transferred to CM (150 ,ug/ml). Those
moieties exposed to CM were further incubated
for an additional 45 min and then were chilled
by diluting into ice-cold LTL-EDTA solution for
intracellular DNA extraction. Thereafter sam-
ples were supplemented with 3H-labeled LL T4
DNA to provide a reference for the light loca-
tion and were then subjected to a CsCl density
equilibrium centrifugation.
The results of this experiment are shown in

Fig. 2 and 3. Scrutiny of Fig. 2 shows that the
timing of events (appearance of partially repli-
cated molecules at 5 min, of hybrid DNA at 6
min, and of highly recombinant DNA mole-
cules between 10 and 15 min) is not distinguish-
able from that observed for complete bacterio-
phage (18). Moreover, addition of CM at 5 min
(Fig. 3) prevents parent to progeny recombina-
tion, with the parental label remaining at the
HL location. Addition of CM at 7 or at 10 min,
however, allows abundant recombination, lead-
ing to the displacement of the parental label far
beyond the HL location.

In summary, the results of these experiments
correspond very closely with those obtained
earlier for complete phages (18).

B. Are recombinants formed among input
parental DNA molecules? Experiments de-
scribed above did not detect any lag either in
net DNA synthesis or in the replication pattern
of petite parental molecules when compared
with molecules from complete T4 particles. This
implies that, if any interparental recombina-
tion is prerequisite for normal replication of
petite parental DNA, it must occur very early
and surely within the first 5 min after infection
and before a significant amount of progeny
DNA has been synthesized. To prove or dis-
prove the possibility of interparental recombi-
nation, an experiment was performed identical
in construction to that of Kozinski et al. (19),
this time, however, using petite bacteriophages
as infecting parents. The experiment calls for
simultaneous infection of light bacteria in light

medium with a minority ofLL 32P-labeled and a
majority of cold (or 3H-labeled) HH petites. The
primary cause for change in density of parental
32P-labeled LL DNA is expected to be recombi-
nation between LL and HH parental genomes.

Before performing this experiment, we felt
compelled to confirm two previous observa-
tions. One deals with a still unexplained phe-
nomenon that was originally observed by
Miller (Ph.D. thesis, Univ. of Pennsylvania,
Philadelphia, 1969) and mentioned in the paper
of Kozinski et al. (18). Despite the fact that no
density label was employed in Miller's experi-
ment, it was observed that, in the interval be-
tween 7 and 10 min after infection, injected
parental DNA becomes slightly denser than
reference DNA. It seemed essential to confirm
that this phenomenon occurs for petite bacterio-
phage genomes also. Second, it seemed essen-
tial to repeat the original experiment done with
complete phages by Kozinski et al. (19) because
that experiment was performed without a 3H-
labeled reference. The repetition was important
not only as a basis for comparison with multi-
ple-petite infection but also, by inclusion of the
additional LL reference, to strengthen the ear-
lier observation that recombination does not
normally occur among parental complete ge-
nomes.

(1) Density changes of LL parental petite
DNA infecting bacteria in the absence of den-
sity label. Light bacteria were grown to 3 x 108
cells/ml in light medium and infected with an
MOI of 9 LL 32P-labeled petite bacteriophages
(no density label added). At 3, 5, 7, and 10 min
after infection, samples were withdrawn. After
DNA extraction, 3H-labeled LL reference DNA
was added and the mixture was subjected to
CsCl gradient analysis. The results are shown
in Fig. 4. It is immediately apparent that a
subtle, but significant, separation (see summed
percentages given with the horizontal brackets)
of parental label away from the reference DNA

FIG. 2. Replication of 32P-labeled LL DNA in
heavy bacteria and heavy medium after a high MOI
with petite bacteriophage. The broken line shows the
position of :3H-labeled LL reference T4-DNA. Note the
gradual displacement of the 32p moiety into replica-
tive and nonreplicative components.

FIG. 3. Extent of replication and recombination of
parental 32P-labeled LL DNA in the presence of CM.
Bacteria infected under conditions similar to those
described in Fig. 2 were supplemented with CM (150
Mig/ml) at 5, 7, and 10 min after infection. After fur-
ther incubation of 45 min, the DNA was extracted
and subjected to analysis in a CsCl density gradient.
The open circles and broken line indicate the posi-
tion of :'H-labeled LL reference DNA extracted from
T4 phages. The arrows indicate the location of the
hybrid moiety (HL).
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FIG. 4. Density changes ofLL parental DNA from petite phages multiplying in the absence ofdensity label.
Note that after 3 min, parental 32P-labeled DNA (filled circles and solid line) becomes displaced away from
'H-labeled LL reference (open circles and broken line).

occurs at about 5 to 7 min after infection. This
confirms previous observations for complete
bacteriophages (18; Miller, Ph.D. thesis), and it
provides a base line for interpretation of experi-
ments in which the question of recombination
between HH and LL parental DNA molecules
will be directly confronted.
At present we are unable to specify the rea-

son for this change in density. It may be, as
suggested earlier (18), that the displacement is
due to the appearance of single-stranded seg-
ments preceding molecular recombination. Al-
ternatively, it might result from association of
traces of primer or mRNA. This phenomenon
is being pursued further.

(2) Complete bacteriophages: lack of inter-
parental recombination between LL radioac-
tive and HH nonradioactive coinfecting DNA.
Light bacteria, grown to 3 x 108 cells/ml, were
coinfected in light medium with an MOI of 1
LL, 32P-labeled and 9 HH, nonradioactive com-
plete particles. As in the previous experiment,
samples were withdrawn at intervals, DNA
was extracted, LL 3H-labeled reference DNA
was added to each extract, and the mixtures
were analyzed in a CsCl gradient. The results
are presented in Fig. 5. It is evident from in-
spection of the figure that at no time after
infection is there any evidence of recombination
between LL and HH coinfecting DNAs. The
slight shoulder appearing at 9 min after infec-

tion, when there are already 15 phage equiva-
lents of progeny DNA synthesized per cell (see
Fig. 1), does not differ significantly from corre-
sponding data observed in bacteria infected in
the absence of any density label (for example,
in Fig. 4), and the amount of displacement in
the 7-min sample is, for that matter, less in Fig.
5 than in Fig. 4. The slight density shift cannot,
therefore, be attributed to interparental recom-
bination but rather to a phenomenon independ-
ent of the density label used, as was observed in
the preceding experiment.

(3) Petite bacteriophages: lack of interpa-
rental recombination between LL radioactive
and HH nonradioactive coinfecting DNA.
This experiment was performed in a manner
similar to the preceding one, except for two
changes. Petite phage were used in this experi-
ment for both infecting parents. Moreover, both
parents in this experiment carried radioactive
labels: the LL minority phages were labeled
with 32P, and the HH majority phages were
labeled with [3H]adenine. This was done not
only to provide full exposure of any possible
interparental recombination but also to disclose
the first initiation of replication that should
manifest itself by a change in density of the HH
3H-labeled DNA. By judiciously determining
the amounts of reference label, it should be
possible to recognize slight changes in the den-
sities of either of the parental labels.

J. VIROL.
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In the experiment, bacteria were infected
with an MOI of 0.7 of LL 32P-labeled and 9 HH
3H-labeled petite bacteriophage (specific activi-
ties, 1.0 mCi of 32P/mg of P and 3.0 mCi of 3H/
mg of adenine). At intervals, samples were col-
lected and intracellular DNA was extracted.
The resulting extracts were analyzed by CsCl
gradient analysis in three ways (see Fig. 6 and
7): (i) with no reference added (left panels, Fig.
6), permitting analysis of gross density changes
-mostly shifting of 3H-labeled HH DNA due to
replication; (ii) with addition of 3H-labeled LL
reference (right panels, Fig. 6) in quantity ex-
ceeding the total 3H parental label by 100-fold
-in effect, submerging proportionally the 3H
label in the HH parental DNA but allowing
recognition of subtle'density changes in the 32P-
labeled LL parental DNA; (iii) with addition of
32P-labeled HH DNA (Fig. 7), providing a refer-
ence that aids in recognition of the initial par-
tial replication of the 3H-labeled HH parental
moiety. In contrast to the large quantity of 3H-
labeled LL DNA added for reference shown in
the right panels of Fig. 6, only a small amount
of 32P-labeled HH DNA was used for reference
as shown in Fig. 7. This stems from the neces-
sity, ofavoiding coincidence ofa large amount of
32p with 3H, since 32p transfers about 5% of its
counts to the 3H channel in our counting sys-
tem. In addition, the centrifuge speed and gra-
dient profile were altered to locate the heavy
moiety closer to the middle of the gradient than
in 'the other two analyses on this sample,
thereby increasing the resolution of the sam-
ples of greatest interest. This, in turn, caused
the light moiety to band very closely to the top
of the gradient.

It is seen that replication began between 3
and' 5 min since the 3H-labeled parental DNA,
that at 3 min is quite closely coincident
with the HH reference, has, for the most part,
moved to a position of slightly lower density
(Fig. 7). This is in agreement with the results
presented in Fig. 2, which also showed that
replication had begun by 5 min. Because there
is no difference in the rates of DNA synthesis
after complete versus petite infections (Fig. 1),
any recombination required for replication of
petite genomes must have occurred prior to 5
min. This should be revealed by a shift in den-
sity of the 32P label of the minority parent to-
ward a position ofgreater density (right panels,
Fig' 6). Table 1 compares the displacements
observed at 5, 7, and 8 min after infection in
this experiment with that seen in the experi-
ment without density label (Fig. 4). The data
given represent the accumulated percentages of
the' 3H (density reference) label and of the 32p

(LL parental) label at the point where the two
curves cross. Comparison of these values shows
no significant difference in density shift and
indicates that the small displacement observed
in this experiment is attributable to a density
shift that is independent of the presence of the
BU label. It is, therefore, concluded that inter-
parental recombination is unnecessary for initi-
ation of replication of the fractional genomes of
petite phages and that it does not occur during
the early stages of infection.
A comment should be made regarding the

peak of 3H label from the HH majority parent,
which appears in the 5-min and later extracts
and is located at a slightly higher density (1.72)
than that of the 32P-labeled LL parental DNA.
This peak is thought to represent a loose associ-
ation of some of the 3H-labeled HH parental T4
DNA with host DNA that is present at a high
concentration in the extract. It seems impossi-
ble that it is a product of recombination be-
tween the HH and LL parental T4 molecules for
several reasons. (i) When samples from this
peak are rerun at a lower concentration, the
label returns to the density location character-
istic of the HH DNA (1.80). (ii) The peak is
observed consistently, even when bacteria are
infected with HH phage exclusively. (iii) It
seems quantitatively impossible to account for
the movement of about 8% of the HH label to a
density location, which indicates that the com-
position must include about 80%o LL DNA. In
this experiment the MOI of the HH parent was
9, and the 8% HH label, therefore, represents
about 0.72 petite-phage equivalents ofDNA per
cell. To move 0.72 equivalents to the location of
the peak in question would require four times
as much LL DNA or 2.9 petite-phage equiva-
lents. That amount is about four times the
input, which in this experiment was only 0.7
LL phage per cell. Furthermore, inspection of
Fig. 6 shows that the majority of the 32p label of
the LL parent remained at the original LL
density location. It is concluded, therefore, that
the 3H label from the HH parent present at the
intermediate density of 1.72 owes its location to
some mechanism other than interparental re-
combination.

C. Fate of the parental label of petite bacte-
riophage DNA in the resulting progeny
phages. This experiment will provide informa-
tion about the fate of the parental labels used in
the previous experiment. Three observations
are described: (i) that the label of petite paren-
tal DNA is transferred to progeny with an effi-
ciency similar to that experienced with com-
plete phages, (ii) that both heavy and light
labels are transferred equally, and (iii) that
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both parental labels are distributed between
complete and petite progeny phages.
As part of experiment 3 described in section

B, a fraction of the bacterial suspension, simul-
taneously infected with light and heavy petite
bacteriophages, was allowed to lyse. The
amount of label transferred from parents (32P
from LL and 3H from HH) to progeny was esti-
mated. Furthermore, the types of phage parti-
cle (i. e., petite or complete) to which the labels
were transferred were identified.
The efficiency of transfer of both labels from

parent to progeny will be considered first. At 3
min after infection, an aliquot of the suspen-
sion was precipitated with trichloroacetic acid.
The amount of 3H and 32P recovered in the
precipitate was defined as 100% of the input
label and is given in line (i) of Table 2. (It
should be noted that no significant amount of
label was lost in the supernatant of this precipi-
tation.) At 120 min after infection, chloroform
was added to the remainder of the suspension to
insure complete lysis, and DNase was then
added. A sample of the DNase-treated lysate
was withdrawn and precipitated with trichloro-
acetic acid, estimating the DNase-resistant or
encapsidated label (line [ii], Table 2). The re-
mainder of the DNase-treated suspension was
centrifuged at low speed to remove debris, and
another sample was withdrawn from the super-
nate for acid precipitation (line [iii], Table 2).
Finally, the remaining supernatant was centri-
fuged through two cycles of alternating high
and low speeds to purify the progeny phages. A
sample of the final purified suspension was also
precipitated with acid (line [iv], Table 2).

Inspection of Table 2 indicates a transfer of
about 40% ofboth parental labels to the DNase-

FIG. 5. Analysis in CsCl density gradient of 32P
label (from completeLLparent) after coinfection with
a majority of BU-labeled complete HH phages in
light medium and light cells. Solid circles and solid
lines show the distribution of32P in the gradient, and
open circles and broken lines indicate the 3H-labeled
LL reference. Note that the 32p label moved only
about as much as observed in the total absence of
density label using petite phages (as seen in Fig. 4).

FIG. 6. CsCl density gradient analysis of intracel-
lularDNA in an experiment designed to demonstrate
both replication of 3H-labeledHHDNA and recombi-
nation among petite parents. Cells were infected with
an average of9 3H-labeledHHand 0.7 32P-labeledLL
petite phages. DNA was extracted at 3, 5, 7, and 8
min after infection and analyzed with (right column)
and without (left column) 3H-labeled LL reference
DNA. Note in left column the evidently normal repli-
cation ofthe HHparental DNA, indicated by the shift
of 3H (open circles, broken lines) toward hybrid den-
sity and beyond. In the right column note the failure
of 32P to move toward higher density more than was
observed (Fig. 4) in the absence ofany density label.

3 5
w 20 _ ,

w 3H Parental

0 ~~~~~~~~~32PHeavy Ref

10-

z

FRACTION NUMBER

FIG. 7. Analysis of the fate of 3H-labeled HH pa-

rental DNA at 3 and 5 min after infection. The same

extracts documented in the upper panels of Fig. 6

were supplemented with a small quantity of 32p-

labeled HH reference DNA and then analyzed under

conditions identical to those described in the legend

to Fig. 6. After fractionation, however, the upper

third (light region) of the gradient was eliminated

from the figure and the cakculations. Thus, only the

bottom 21 to 23 fractions were subjected to counting

and integration in thisfigure. That was done because

the great majority of the 3H bands in the vicinity of

the heavy location. The procedure adopted thus al-

lows a meaningful comparison with 32P-labeled HH

reference. Note the displacement of the 3H parental

label away from the 32P-labeled HH reference. The

extent to which replication of the partially replicated

molecules has proceeded is indicated by the degree of

displacement. Evidently, by 5 min, most ofthe paren-

tal molecules have been partially replicated but still

contain a majority of heavy parental DNA and a

minority of light, newly synthesized material.

TABLE 1. Early density shift ofparental DNA
observed after mixed infection byHH (MOI = 9) and
32P-labeled LL (MOI = 0.7) petite genomes (Fig. 6,
right panels) compared with the displacement seen in

the complete absence of density label (Fig. 4)

Time of DNA ex- 3H:-2P
traction Data from Data from(min) Fig. 6 Fig. 4

5 8:20a 12:27
7 10:37 17:51
8 17:38 30:38

a The numbers given represent the percentages of
3H (T4 DNA as a density reference) and 32p (LL
parental label) accumulated up to and including the
point of the gradient in which the two curves inter-
sect (see also arrows in Fig. 4).

resistant fraction and about 30% to the purified
progeny phage. Importantly, for the experi-
ments described in the previous section, both
heavy and light (3H and 32p, respectively) were
transferred about equally. (If the slight prepon-
derance of 3H transfer seen here is meaningful,
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it should be called to attention that it is carried
in the BU-labeled parental DNA.) In any
event, the amount of transfer does not differ
significantly from the extensive data compiled
previously for the transfer of parent label to
progeny phages during a growth cycle of com-
plete bacteriophage.
The purified progeny bacteriophages were

further analyzed in a sucrose gradient for dis-
tribution of label among the two visible phage
bands. Complete and petite particles can be
separated with less than 0.05% completes in the
petite fraction. There was no attempt to isolate
the giant phage moiety: first, because it consti-
tutes a minority class of the total phage mass,
and, second, that class does not form a visible
band in sucrose gradients due to the sizable
variation in the length of giants (9). The con-
tents of both parental labels reappearing in
either complete or in petite particles are sum-
marized in Table 3. It is seen that both labels
are distributed equally, with about 20% of each
label in the complete moiety and about 80% in
the petite fraction.

DISCUSSION
The experiments with which this paper deals

focus on the question whether recombination
occurs among the several parental genomes
that coinfect a single bacterium. The data pre-
sented appear to force rejection of that possibil-
ity. That conclusion, in turn, becomes impor-
tant to our interpretation of MRA of UV-inacti-
vated phages (23) as well as MRC of the termi-
nally deficient genomes of petite phages. The
assumption is frequently made that the mecha-
nism leading to reactivation is due to recombi-
nations among the damaged input phages that

TABLE 2. Equality in transfer to progeny ofLL (32p)
and HH (3H) parental DNA after mixed multiple

infection
Recovery

Sample 3H/32p
3H 32P

(i) 3 min after infection 100 100 1.00
(ii) Lysate after DNase 41 38 1.08

treatment
(iii) Low-speed supernatant 38.5 33 1.17

of lysate after DNase
(iv) Purified progeny phage 31 26 1.19

TABLE 3. Distribution ofparental DNA labels to
petite and complete progeny phages

Progeny fraction 3H 32P 3H/32P

Petite moiety 0.78 0.80 0.98

Complete moiety 0.22 0.20 1.10

result in at least one complete undamaged ge-
nome, after which a normal pattern of events
would ensue and viable progeny phage would
be produced (see page 1080 in reference 6 and
page 263 in reference 24). Barricelli (2) has
argued that the probability of accumulating all
the needed crossovers to eliminate every UV
lesion to yield one undamaged functional ge-
nome is far too small to account for the high
efficiency of MRA. In his hypothesis, the irradi-
ated phages would replicate the segments be-
tween UV damages, and the resulting partial
replicas would be joined by overlaps in homolo-
gous regions. Multireplica genomes would,
thus, be available for packaging into phage
heads. This hypothesis was received with con-
siderable skepticism and ultimately disre-
garded when it became clear that most T-even
genomes consist of double-stranded molecules
with no single-strand interruptions (28).
The genomes of petite T4 phages are, in fact,

partial genomes, and they do replicate repeat-
edly after both single (14) and multiple infec-
tion (section A of Results). Because in the latter
case they do so without interparental recombi-
nation (section B, experiment 3 of Results) and
produce normal as well as petite progeny
phages (Table 2), we propose that they must
indeed be undergoing MRC according to a par-
tial replica model. We would modify Barricelli's
(2) model for MRA only by proposing that the
progeny partial replicas not only join but also
finish the process of recombinant formation in
overlapping regions by removing redundancies
and forming covalently linked continuous
strands of DNA. A possible scheme for such
events is described by Broker and Doermann
(5). The continuous molecule so formed would
then serve as the target for encapsidation and
the production of mature phage. It does not
seem unreasonable to suggest that UV-dam-
aged phages achieve MRA by a similar mecha-
nism. Rayssiguier (Ph.D. thesis; personal com-
munication) analyzed the genetic composition
of MRA single bursts resulting from infection
by only one phage of each of two UV-irradiated
parents that were genetically differentiated at
35 well-distributed sites. In the present context,
the significant observation was that, among the
77 MRA progenies tested, no recombinant
clones were found that were as large as the
parental clones observed in similar bursts origi-
nating from unirradiated parents. She con-
cluded that viable phage do not arise from the
replication of a lesion-free genome derived by
recombination among the UV-damaged parent
molecules, but could more easily be explained
by a partial-replica model. If the hypothesis
proves tenable, that MRA and MRC produce
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viable phages by recombination among partial
replicas of T4 genomes, then the role of partial
replicas in T4 recombination generally should
be reconsidered.
The experiments described here that support

the partial-replica model, at least for petite
genomes, will now be summarized. (i) Net syn-
thesis of DNA and the replication of parental
genomes after multiple infection with petites
are both indistinguishable from DNA synthesis
and replication after multiple infection with
normal genomes (section A). This shows that
any interparental recombination (that might
be required for normal replication of petites)
would have to occur efficiently and prior to 5
min after infection, because at that time repli-
cation is already proceeding at an effective
rate. (ii) No interparental recombination occurs
prior to 5 min, nor, for that matter, is it detecta-
ble at later times (section B, experiment 3). It
is therfore unnecessary. (iii) The DNA of petite
parental genomes is transferred to progeny par-
ticles with the same efficiency generally ob-
served for the parental DNA of complete
phages. Furthermore, it is transferred to both
petite and to normal progeny. This indicates
that all petite genomes participate normally in
the intracellular processes. (iv) Both the HH
(BU substituted) and the LL DNA ofpetites are
transferred to progeny with about equal effi-
ciency. It seems unlikely, therefore, that the
labeling regime has influenced the results.
The behavior ofpetite DNA molecules resem-

bles that of completes in many ways; in fact,
the two types have not so far been found to
differ, except in their physical length. The rates
of DNA synthesis in multiple infection, for ex-
ample, are amazingly similar (Fig. 1). Also, the
total absence of interparental recombination is
characteristic of both, and both kinds of multi-
ple infections yield petite and complete phages
in proportions typical of the mutant ptgl91.
Another result in which replication ofpetites is
indistinguishable from that of completes is also
worth mentioning. In a control experiment in
which no density label of any kind was used, a
small shift in density of parental radioisotope
was observed 5 to 7 min after multiple infection
by petite particles. This repeats the earlier ob-
servation (as yet not understood) of Miller (18;
Ph.D. thesis) made with complete phages and
serves here only to point up another character-
istic in which petite genomes behave normally.
The apparently normal behavior of the par-

tial replicas produced in petite infections makes
it tempting to speculate on the possibility that
partial replicas may play a more general role in
T4 infections than has heretofore been widely
appreciated. The high frequency of recombina-

tion observed in T4, whose map length has been
variously estimated from 800 (10) to 2,000 (27)
recombination units, may well be related to a
partial replica mechanism since repeated copies
of fractional genomes would amplify the num-
ber of DNA ternini, and the ends of DNA
molecules are known to be recombinogenic
(10).

It is also interesting in this connection that,
under certain conditions, the replication of T4
DNA can, indeed, be seen to occur in segments
shorter than one genome equivalent. With li-
gase-negative mutants it has been observed
that, in the early stages of infection, both pa-
rental and progeny DNA assume sizes equiva-
lent to about 0.2 genome length in neutral as
well as in alkaline sucrose gradients (13, 17).
The addition of CM at 5 min (which prevents
endonucleolytic nicking) allows preservation of
this class of subunits, abundant replication of
DNA, and, upon removal of CM, maturation of
viable phage progeny from each cell (21). Since
a large body of data shows that DNA synthe-
sized after CM removal consists of very short
pieces (Kozinski, unpublished data), the com-
plete genomes in those progeny particles must
have resulted from recombination of partial re-
plicas. Perhaps even more intriguing is the
observation that, in wild-type infections, up-
take of [3H]thymidine to progeny DNA is, for
about the first 7 min after infection, limited to
single strands of about 0.2 genome length
(Miller, Ph.D. thesis), possibly reflecting the
same phenomenon as was observed with the
ligase-defective infections.
Because of these observations, we feel justi-

fied in the speculation that partial replicas may
play a general role in replication and recombi-
nation of T4 genomes and are not necessarily
limited to such phenomena as MRC and MRA.
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